In construction projects there are a number of information exchange and sharing interfaces between the designers and the contractors. This paper explores the evolution of these interfaces during a project and identifies the critical success factors for knowledge management in this domain. The specific phase of tender stage briefing is examined as it lays the foundation for efficient exchange of information throughout the project. Furthermore, the paper also examines the activities and flow of information throughout the entire project for one key aspect, namely, geotechnical and site investigation information. A formal activity model in IDEF0 and an information model in EXPRESS are presented for the domain of geotechnical information. These indicate the role of formal modelling of the knowledge/information flow in a project. This paper describes work that forms part of a project entitled Knowledge Learning In CONstruction (KLICON).
Introduction
Knowledge management (KM) is becoming a critical source of competitive advantage. Effective knowledge management differentiates leading companies from less successful ones. The way organisations use knowledge and learn is increasingly being recognised as central to their effectiveness. Construction is no exception. Many construction companies, and their clients, realise that the way they manage knowledge and learn over time and across the supply chain can make a significant difference to their performance, and to the efficiency of the construction process.
The KLICON project aims to improve the quality and value of solutions in the built environment. This is achieved by studying the participating industrial organisations to analyse how experience and best practice are currently being captured. KLICON is investigating how detailed IDEF0 models of construction activities and information models in EXPRESS can enhance understanding of generic construction knowledge and specific project knowledge. KLICON will also evaluate, on live projects, selected knowledge management and knowledge transfer tools.
KLICON hopes to provide an understanding amongst construction practitioners of how knowledge is gained and learning can be formalised across the organisational interfaces within a project. The role and appropriateness of IT tools for knowledge capture and management will also be clarified.
Designer/Constructor Interface
Construction projects typically are designed by one organisation and constructed by another. Often there is a significant time lag between the design and construction phases of a project. Even when there is a good degree of concurrency between design and construction, there is often a difficulty in channelling the correct information, in the correct format, to the right recipient.
In KLICON, we are examining the mechanisms for passing on knowledge about the project from early design to detailed design, and on to the constructor. Traditional approaches such as communication via tender documents may be good at setting standards for workmanship and productivity. However, they are not good at passing on knowledge about the design intent or the client's requirements.
Mechanisms, such as contractor briefing or informal information sharing prior to letting a contract can lead to improved tenders. Formal information sharing once the contract is let can lead to savings for all parties. This goes against traditional attitudes of confidentiality, intellectual property rights and the "claims culture". Ownership of knowledge has been guarded jealously in the past. New web based and other IT approaches to knowledge capture and sharing offer a route to breaking down this barrier. The culture is still a formidable obstacle.
By ascertaining exactly what information will be most useful to the contractor, the designer can deliver the output in the most effective manner. Similarly, by informing the contractor of the client's requirements and priorities, the constructor can more easily deliver the correct product.
There are a number of phases in any construction project and so there are a number of forms of the designer/constructor interface. The initial interface is between the designer and a number of potential contractors. The aim here is to ensure that each contractor is given sufficient information and knowledge about the project to enable the delivery of competitive and appropriate tenders. The bidders, in turn, need to display to the selectors, how their bid meets the project and client objectives as well as demonstrating the technical capacity of the contracting organisation. In a knowledge-sharing environment, the bid should impress the selectors by highlighting technical problems and potential solutions. The key to the success of the tendering process is good briefing and communication between the parties.
Contractor briefing
Communications between all parties throughout the different stages of a construction project is a key determinant of project success. Gameson (1996) conducted research into the interaction process between clients and construction professionals during the early stages of project development. Bowen and Edwards (1996) examined the communication process in relation to cost planning. They found that many quantity surveyors in South Africa failed to develop an effective communication approach to the provision of cost-related information. Thomas et al. (1998) assessed critical communications variables within construction projects, which include accuracy of information; procedure; barriers; understanding; timeliness; and completeness. The difficulties in designing communication frameworks for construction projects were addressed and analysed by Pietroforte (1997) . This study concluded that good communications could be achieved by co-operation and informal rules and procedures that complement the formal provision of standard contracts.
The designer/constructor interface depends very much on the procurement system and form of contract for each project. Partnering arrangements, alliances, design & build, and managed projects all represent forms of construction where collaboration is an integral part of the process. They present special challenges for knowledge management in the designer/constructor interface. The traditional form of procurement is less collaborative and presents greater challenges in the transfer of knowledge between designers and constructors. This part of the paper concentrates on how relatively simple adjustments to the designer/constructor interface can greatly enhance the traditional form of procurement.
Acknowledging that every construction project is different and also depending on the nature and experience of a client, the designers tend to follow different routes when communicating with constructors. Generally the success of a project relies on the effective sharing of key information and knowledge about the project's goals. The main steps in the enhanced contractor briefing are outlined in Table 1 . After agreeing the tender selection criteria with the client, the consultant goes through a few stages to reduce the shortlist to about 6 bidders. At this point, the design consultant invites bidders for a half-day presentation about the scheme to highlight the project objectives and key features and deliverables. This includes a questions and answers forum. Unfortunately, this rarely produces much feedback, as the competing contractors are reluctant to show their cards in public. To overcome this lack of knowledge feedback, at about halfway through the tender process, a meeting will be held individually with each shortlisted contractor to address confidentially their questions and opinions, and this is where the contractors tend to participate very positively. Note that this is in addition to the normal requests for information and clarifications which take place during tendering.
Following the submission of tenders the consultants start to examine and compare the best bids -usually two. Separate evaluation meetings with the two contractors will be held to provide them with the opportunity to explain and clarify aspects of their bids, and how and why they would better achieve project objectives as well as meeting client's requirements. Accordingly, the contractor with the best tender will receive an offer for carrying out the project. On accepting the offer, 2-4 weeks will be allowed for mobilisation. During this period the contractor's construction team will be briefed by the consultant. Furthermore, a value engineering session may be conducted to allow the contractor to propose improvements and preferred options.
Importance of Project Teams Continuity
Ove Arup and Partners recommends that, to enhance project success and to boost knowledge sharing and transfer, at least one member of each project team should be represented in all project stages from briefing to hand-over and operating stage. Figure 1 depicts an idealised project with levels of involvement of the different players indicated from start to finish. For instance, the contractor has some contribution during project conception, design stage and should still have an involvement in commissioning, operation and maintenance.
Knowledge Management and Information Technology
The contractor briefing process described above may enhance the transfer of knowledge about the project to the appropriate parties. The key feature of the approach is human. It demands continuity of personnel and much face to face interaction. This in itself is not a bad thing, however, it ignores the potential benefits of capturing the generic knowledge and reusing it within the project and from project to project and through the supply chain.
Often, projects have intricate supply chains with constantly changing members. Communication of vital information between stages in complex projects and across disparate groups involved in these projects offers a significant challenge. As a result, many construction companies have found it very difficult to capture, retain and access knowledge efficiently and to then exploit that knowledge in a way that enhances the corporate understanding and experience. Information Technology (IT) tools seem to offer real opportunities for improving information understanding and information sharing in an effective manner (Davenport and Prusak, 1998 ).
Knowledge management is currently receiving increasing attention and being hailed as the latest great computing trend as new technologies emerge, resulting in the better management of knowledge. Although the notion of KM is not new or innovative (Davenport, 1993) , some of the technologies currently used to distribute the knowledge are. The speed of technological advance has accelerated greatly over the last few years. The role that IT plays in KM needs to be examined. From the IT viewpoint, KM is concerned with data and information issues which are an important part of the infrastructure of an effective KM solution. No one disputes the advantages to be gained by leveraging organisational knowledge, but understanding and appreciating the benefits is very different from implementing effective solutions.
IT professionals know that technology and enterprise are constantly changing and adapting to changing circumstances. Therefore this is not an ideal environment for a rigid IT infrastructure (Bielawski and Lewand, 1991) . The likelihood is that projects will throw together varying sets of data sources, which will be supplemented by increasing amounts of external data. The rigid data structures of the past inhibit integration and knowledge sharing. Open systems, web based approaches and leveraging systems such as XML present an opportunity to develop knowledge systems that can grow with technological and organisational advances.
Geotechnical Knowledge
KLICON has explored the nature and flow of geotechnical information throughout a construction project. This represents a microcosm of the overall construction project as it contains most of the features found elsewhere in the process.
A geotechnical site investigation is usually performed during the early stages of design although it may also be used during design and after construction. Site investigation reports are interpreted using practical knowledge as well as engineering analysis. Information about the ground is gleaned in a number of ways, from geological maps, borehole databases, experience of adjacent sites as well as the specific site investigation for the project. Further information is obtained as soon as the diggers and pile drivers commence their construction activities. Throughout the remainder of the project and indeed during the working life of the structure, geotechnical information can be obtained. Some of this will have a direct bearing on the subsequent construction activities in the project and some will influence the lifecycle events for the structure. The overall picture of the geotechnical knowledge for this site will have importance for adjacent buildings and future projects. Mure et al (1998) demonstrated how a formal object model in EXPRESS could benefit a specialist foundation contractor to capture geotechnical information. Mure's work concentrates on the benefit to the specialist contractor rather than across the project.
Formal modelling applied to Geotechnical Site Investigation
Two separate formal modelling techniques have been used in order to provide an illustration of the value of formalisms. Such formal models may be used to understand what information is actually used at a specific stage of a project and what sources are available to provide that information. These models have then been linked with other support information and example construction project data within a prototype browsing environment.
IDEF0 (Softech, 1981) provides a graphical means of defining the activities that take place within geotechnical work and the role of such work in project development, design, construction and post-construction performance. The model includes topics such as the examination of records to produce a desk study, site walk-over reports and sub-surface investigation, including non-intrusive (e.g. geophysical) and intrusive (e.g. bore sampling) investigation. The domain details are based to a large degree on standard geotechnical information (Clayton, Matthews and Simons, 1995) . The IDEF0 formalism creates a hierarchically structured sequence of diagrams, where each lower level addresses an aspect of the problem in greater detail than the level above. This hierarchical decomposition approach enables the model user to get a good understanding of the overall coverage of the model, or study a specific aspect in depth, as required. In order to ensure that the IDEF0 model for geotechnical site investigation is as accurate as possible, it has been reviewed by our industrial partners and checked with detailed records from three major current construction projects. Figure 2 illustrates a close-up of one of the sheets from the IDEF0 model. This sheet is concerned with the specific topic of ground investigation.
Models that focus on the information used or produced by a given activity can complement an activity model in IDEF0. EXPRESS (ISO10303-11, 1994 ) is an information modelling language that is well suited to this purpose. It provides a means of defining the objects of interest, their characterising attributes, relationships and constraints. Fortunately, it can readily be understood by non-modelling experts, so can be used by a range of engineers and managers as appropriate.
The initial information model produced in this study focuses on one important way in which information is exchanged when geotechnical site investigation results are reported. This mechanism is the Association of Geotechnical and Geoenvironmental Specialists (AGS) Version 3 of 'Electronic Transfer of Geotechnical and Geoenvironmental Data'.
Because information sharing is a key part of bridging the divide that may exist between different players in the overall construction project, it is important too to ensure that a mechanism is provided to explain common terminology. One standard technique for this is to use a structured glossary ( or basic ontology) of some kind. An appropriate ontology for the geotechnical site investigation domain is being produced by BRE Ltd. Tools have been developed to convert the draft glossary into 
The Prototype Browsing System
The prototype browsing system allows a user to examine all levels of the IDEF0 model. In addition, where appropriate, it links from inputs or outputs of the activities to the relevant part of the VHG geotechnical site investigation glossary or to the formal specification of the data semantics as represented by the EXPRESS model of AGS. This is illustrated in Figure 2 which shows a detailed IDEF0 diagram for site investigation, and provides a link from an information item (detailed subsurface samples) to the glossary (see Figure 3) or to the EXPRESS model. Links also exist from the EXPRESS model itself to examples of the AGS data selected from the site investigation results of real projects.
This system allows the user to understand the context of the work (the activity model), the meaning of the information carried in the AGS file (AGS information model) and see related instance data taken from real site investigations. The glossary helps to clarify terminology.
Summary and Conclusions
Briefing meetings form an important mechanism for designers to communicate the underlying requirements of a project to prospective bidders. This enables the contractors to make more enlightened bids and helps to promote a more co-operative working environment. The success of current systems is dependent on continuity of key personnel and repeated communication of project goals. The bilateral flow of knowledge during briefing represents an opportunity for using formal knowledge capturing and modelling techniques.
Apart from the human resources approach, a formal IDEF0 model of the project can lead to a greater understanding of where knowledge originates and where it is used. This enables the originator to better meet the requirements of the end user and also helps the end user to understand the constraints and limitations under which the information was generated.
The formalising of the information and activity models will allow the designer and the contractor to harness the benefits of emerging IT solutions. This will lead to a 
